logic studies from several different populations have demonstrated that prenatal insults, which adversely affect fetal growth, result in an increased incidence of hypertension when the offspring reaches adulthood. It is now becoming evident that low-birth-weight infants are also at increased risk for chronic kidney disease. To determine how prenatal insults result in hypertension and chronic kidney disease, investigators have used animal models that mimic the adverse events that occur in pregnant women, such as dietary protein or total caloric deprivation, uteroplacental insufficiency, and prenatal administration of glucocorticoids. This review examines the role of the kidney in generating and maintaining an increase in blood pressure in these animal models. This review also discusses how early postnatal adverse events may have repercussions in later life. Causes for the increase in blood pressure by perinatal insults are likely multifactorial and involve a reduction in nephron number, dysregulation of the systemic and intrarenal renin-angiotensin system, increased renal sympathetic nerve activity, and increased tubular sodium transport. Understanding the mechanism for the increase in blood pressure and renal injury resulting from prenatal insults may lead to therapies that prevent hypertension and the development of chronic kidney and cardiovascular disease. blood pressure; prenatal insults; sodium absorption; renin-angiotensin system PRENATAL INSULTS CAN RESULT in offspring that are small for gestational age. Barker and colleagues (5, 8 -10) were the first to demonstrate that small-for-gestational-age infants are at risk for developing diseases, such as coronary artery disease and hypertension as adults, independent of other risk factors. The association of small-for-gestational-age neonates and increased blood pressure in later life has been found in many different populations world-wide (6, 7, 26, 32, 33, 48, 79, 89, 119, 159) . A low-protein intake relative to a proportionally high-carbohydrate intake, especially in the third trimester, is an important risk factor in the development of hypertension (26, 120) . Many studies have shown that intrauterine growth retardation programs infants to develop not only hypertension and ischemic heart disease, but other components of the metabolic syndrome, such as hyperlipidemia, noninsulin-dependent diabetes mellitus, and a predisposition to chronic kidney disease (6, 7, 26, 32, 33, 44, 45, 48, 56 -58, 78, 81, 88, 89, 102, 115, 117, 118, 133, 158). In addition to prenatal adverse events, there is increasing evidence that a suboptimal early postnatal environment may be a predisposing factor for renal injury and hypertension (21, 94, 124, 146) . This review discusses how prenatal and early postnatal adverse events result in hypertension and renal injury in adults by focusing predominantly on animal models.
PRENATAL INSULTS CAN RESULT in offspring that are small for gestational age. Barker and colleagues (5, 8 -10) were the first to demonstrate that small-for-gestational-age infants are at risk for developing diseases, such as coronary artery disease and hypertension as adults, independent of other risk factors. The association of small-for-gestational-age neonates and increased blood pressure in later life has been found in many different populations world-wide (6, 7, 26, 32, 33, 48, 79, 89, 119, 159) . A low-protein intake relative to a proportionally high-carbohydrate intake, especially in the third trimester, is an important risk factor in the development of hypertension (26, 120) . Many studies have shown that intrauterine growth retardation programs infants to develop not only hypertension and ischemic heart disease, but other components of the metabolic syndrome, such as hyperlipidemia, noninsulin-dependent diabetes mellitus, and a predisposition to chronic kidney disease (6, 7, 26, 32, 33, 44, 45, 48, 56 -58, 78, 81, 88, 89, 102, 115, 117, 118, 133, 158) . In addition to prenatal adverse events, there is increasing evidence that a suboptimal early postnatal environment may be a predisposing factor for renal injury and hypertension (21, 94, 124, 146) . This review discusses how prenatal and early postnatal adverse events result in hypertension and renal injury in adults by focusing predominantly on animal models.
Animal Models of Prenatal Programming of Hypertension
Timing of maternal adverse events. Our understanding of the pathogenesis of hypertension induced by prenatal insults results primarily from experiments performed in rats and sheep. The models employed have tried to recapitulate insults that are comparable to what is experienced in humans, such as maternal malnutrition, prenatal exposure to glucocorticoids, and uteroplacental insufficiency. Depending on the timing and severity, each of these insults is associated with small-for-gestationalweight infants. However, as recently reviewed by Dr. Moritz et al., (90) prenatal insults can result in programming a reduced nephron number and renal dysfunction in adulthood independent of a low birth weight.
The timing of the prenatal insult can determine whether there will be programmed changes that affect the kidney. Studies have shown a reduction in glomerular number and elevated blood pressure in adult male offspring of pregnant rats that were fed a low-protein diet in the second half but not in the first half of pregnancy (155) . Similarly, short-term moderate, maternal dietary protein deprivation (9% casein compared with 18% casein) on days 8 -14 or 15-22 of the 22-day gestation in the rat reduced nephron number in offspring, but there was no effect of dietary protein deprivation when administered during the first 7 days of gestation (77) . Glucocorticoids are often administered to pregnant women to accelerate fetal lung maturation. As shown in Fig. 1 , prenatal dexamethasone resulted in hypertension and a reduction in nephron number in adult offspring of pregnant rats when administered daily on days 15 and 16 or 17 and 18 of gestation but not before or after this time (100, 101) . In vitro studies have shown that dexamethasone inhibited branching morphogenesis and reduced glomerular number when added to media of day 14.5 and day 15.5 embryonic rat metanephroi (131) . Thus, glucocorticoids decrease nephron number at the point in nephrogenesis in the rat when the ureteric bud invades the metanephric mesenchyme and when branching begins in earnest (91, 104, 131) .
The results in the sheep are not as straight forward. One group found that administration of glucocorticoids at 22-29 days gestation in sheep, the time of initiation of nephrogenesis (40, 91) , resulted in a reduction in nephron number and hypertension, while there was no effect when glucocorticoids were administered on 59 -66 days of pregnancy (term ϳ150 days) (40, 91) . However, another group showed that the period of susceptibility to glucocorticoids was on days 80 and 81 of gestation, a time of active nephrogenesis (47) . The disparity in these results cannot be explained by the dose of glucocorticoid administered. In summary, the period of active nephrogenesis is the point where the kidney is most susceptible to injury, resulting in a reduction in nephron number and programming hypertension in the adult offspring.
Sex differences in response to an adverse maternal event. Prenatal insults have been shown to affect males and females differently in some studies. Moderate maternal dietary protein deprivation (8.5% protein compared with 19%) resulted in postnatal hypertension measured in chronically instrumented conscious male but not female rats (150, 151) , unlike a prenatal 6% protein diet that affected blood pressure, measured by tail cuff, in both sexes (86, 137) . As shown in Fig. 2 , maternal dietary protein restriction (6% vs. 20% protein in the control group) caused a chronic increase in blood pressure in both male and female rat offspring (137) . Administration of dexamethasone on days 14 and 15 of gestation resulted in male and female rats that had elevated blood pressure compared with controls at 2 mo of age (100), while only males were hypertensive at 6 -9 mo of age (101) . In summary, both males and females develop Fig. 2 . Effect of prenatal low-protein diet on blood pressure in rats of various ages. Systolic blood pressure was measured by tail cuff in adult male (top) and female (bottom) rats whose mothers were fed a low-protein diet (6%) during the last half of pregnancy and compared with rats fed a normal protein diet (20%). There was a progressive increase of blood pressure with age in the low-protein group. Data are means Ϯ SE; *P Ͻ 0.05; ***P Ͻ 0.001 [From Vehaskari et al. (137) .] Fig. 1 . Effect of prenatal dexamethasone (Dex) on blood pressure and glomerular number in the rat. Prenatal dexamethasone was administered to pregnant rats on the specific days of gestation noted (0.2 mg/kg body wt daily for 2 days). Blood pressure (BP) and glomerular number were measured in adult male rats. As is evident, there was a discrete period of time when prenatal dexamethasone programs hypertension and a reduction in nephron number.
[From Ortiz LA et al. (100).] an increase in blood pressure with severe prenatal insults. Milder maternal insults either affect only males or have only a transient effect on blood pressure in females.
Recent studies have examined the cause for the difference in blood pressure between males and females resulting from prenatal insults. Male rats that had intrauterine growth retardation secondary to uteroplacental insufficiency were hypertensive as adults, measured using radiotelemetry (98) . Castration of male offspring of mothers with uteroplacental insufficiency at 10 wk of age normalized the blood pressure to control levels when measured using radiotelemetry 2-6 wk after surgery, while the blood pressure of castrated control animals was comparable to intact rats (98) . The hypertension seen in intrauterine growth retarded female offspring at 8 wk, which were the product of mothers with uteroplacental insufficiency, normalized at 12 wk of age when the rats were sexually more mature (1). While ovariectomy had no effect on blood pressure in control rats, ovariectomy resulted in an increase in blood pressure in offspring that were the product of mothers with uteroplacental insufficiency (97) . The effect of ovariectomy on blood pressure was reversed by estrogen replacement (97) . Enalapril administration to both intact males and ovariectomized females that were growth retarded at birth due to uteroplacental insufficiency normalized blood pressure to control levels consistent with the known effect of testosterone and estrogen on the renin-angiotensin system (97, 98) . Thus, the susceptibility of males and relative protection of females from prenatal insults is likely due to testosterone and estrogen, respectively.
Common Mechanistic Pathways Leading to Prenatal Programming
There is evidence that injury to the developing fetus by maternal dietary protein deprivation is mediated by exposure to maternal steroids thereby linking the pathogenesis of these two prenatal insults. The fetus is protected from the relatively high concentration of maternal glucocorticoids by placental 11␤-hydroxysteroid dehydrogenase type 2 that converts physiologic maternal glucocorticoids to inactive metabolites (16, 17, 41, 42, 76, 127) . Rats fed a low-protein diet during pregnancy had lower placental 11␤-hydroxysteroid dehydrogenase activity (16, 76) . In humans, placental 11␤-hydroxysteroid dehydrogenase activity was shown not to change substantively during gestation; however, it was significantly reduced in placentas of small-for-gestational-age infants (66) . Inhibition of placental 11␤-hydroxysteroid dehydrogenase with carbenoxolone during pregnancy in rats resulted in intrauterine growth retardation in offspring whose mothers were fed a normal protein diet (74, 80) . Adult rats whose mothers received carbenoxolone during pregnancy developed hypertension that was prevented by maternal adrenalectomy demonstrating that exposure of the fetus to maternal steroids resulted in hypertension (80) . Dexamethasone is able to cross the placenta unscathed since it is a poor substrate for 11␤-hydroxysteroid dehydrogenase and thus can cause similar insults as dietary protein deprivation.
The effect of inhibition of maternal steroid synthesis on prenatal programming of hypertension in rats due to maternal dietary protein deprivation was examined by inhibiting glucocorticoid production with metyrapone (73) . In this study dietary protein deprivation was administered throughout pregnancy, and metyrapone was administered during the first half of pregnancy but not during the period of active nephrogenesis. Nonetheless, the offspring of the mothers that received metyrapone and a low-protein diet had blood pressures comparable to controls at 7 wk of age. Unfortunately, neither the number of glomeruli nor renal function was measured in this study. Thus, both maternal dietary protein deprivation and prenatal dexamethasone (or betamethasone) administration result in exposure of the fetus to excess glucocorticoids potentially linking these two fetal insults to the same underlying mechanism.
The common variable between prenatal low-protein diet and maternal steroid administration may be related to reduced maternal food intake (153) . Administration of dexamethasone to rats on days 15-20 of gestation resulted in hypertension in the offspring measured using chronic instrumentation in conscious adult rats (153) . The dexamethasone-treated dams ate less and gained less weight than vehicle-treated controls. Pregnant rats pair fed to the intake of dexamethasone-treated dams also gained less weight than the controls. Of importance was the finding that the offspring of the pair-fed rats were equally hypertensive as the offspring of the dexamethasone-treated rats (153) . Similarly, maternal weight gain was reduced by a chronic reduction in uterine perfusion pressure resulting in uteroplacental insufficiency (3) . Thus reduced maternal food intake is likely an important factor in prenatal programming of hypertension in maternal dexamethasone exposure and uteroplacental insufficiency as it is in maternal low-protein diet. It is unknown at this point whether pregnant rats that were pair fed to dexamethasone-treated rats and rats with uteroplacental insufficiency had increased fetal glucocorticoid exposure. Nonetheless, it is likely that uteroplacental insufficiency, maternal dietary protein deprivation, and prenatal dexamethasone cause fetal injury by a common mechanism resulting in offspring with a similar phenotype but variable severity depending on the extent of the fetal insult.
Mechanism for Hypertension by Prenatal Programming
Glomerular number. Brenner hypothesized that infants with a paucity of nephrons at birth develop an impaired ability to excrete sodium leading to systemic and glomerular hypertension and eventually to glomerular sclerosis and impaired renal function (23) (24) (25) 83) . In support of this hypothesis is the fact that in most animal models of prenatal programming, there is a concordance of a reduction in nephron number with an increase in blood pressure measured in adult animals (27, 77, 100, 123, 137, 145, 145-147, 155, 161) . A reduction in nephron number was demonstrated in human neonates with intrauterine growth retardation (56, 57, 84) . Caucasians with hypertension had fewer nephrons compared with those without hypertension (62, 68) ; however, this was not true of African Americans (62) . The study demonstrating that Caucasians with hypertension had a reduction in nephron number as adults does not resolve the issue of whether the reduction in nephron number caused the hypertension or the hypertension caused the reduction in nephron number. While it is appealing to infer causality and assume that the paucity of nephrons due to prenatal programming is the cause for the hypertension, the two results of prenatal programming may not be directly related.
In some animal models there is a disjoint between a reduction in nephron number and the development of hypertension. Adverse prenatal events in rats have resulted in offspring with hypertension, despite a normal complement of nephrons (101, 146) . In a study that examined blood pressure and nephron number in the F2 progeny of litters that were the result of mating spontaneously hypertensive rats and normotensive Wistar Kyoto rats, there was no correlation between nephron number and blood pressure (19) . Furthermore, it is hard to attribute the severity of hypertension in some models of prenatal programming to a relatively small decrease in glomerular number and normal glomerular filtration rate (100, 101, 153) . On the other hand, unilateral nephrectomy in rats on the first day of life resulted in hypertension that was exacerbated by a high-salt diet (149, 154) . These rats had a 26% reduction in glomerular filtration rate compared with control rats at 8 wk of age that decreased to 49% of control by 20 wk of age (154) . In addition, nephrectomized rats developed proteinuria and lesions comparable to focal and segmental glomerulosclerosis (154) . In summary, while it is clear from the neonatal nephrectomy data that a significant reduction in nephron number (50% in the rat) contributed to the development and maintenance of hypertension (149, 154) , it is unlikely that a reduction in nephron number is the sole or even a major factor causing hypertension when the nephron deficit is 20 -30% of control, and there is no change in glomerular filtration rate, as is the case in most studies involving offspring of mothers that had a intrauterine insult.
Renal sodium transport. There is significant evidence that prenatal insults program an increase in renal sodium transport. Adult rats whose mothers were fed a low-protein diet or administered prenatal glucocorticoids had an increase in renal
ϩ -ATPase mRNA abundance (17, 157) . Studies have also demonstrated that there was an in increase in renal bumetanide-sensitive cotransporter (NKCC2) and thiazidesensitive cotransporter (NCC) but not the Na ϩ /H ϩ exchanger 3 (NHE3) the apical proximal tubule NHE3, or any of the ENaC (epithelial sodium channel) subunit protein abundance in offspring of mothers that had dietary protein restriction compared with controls (85) . Similar findings were demonstrated in adult offspring of rats that received prenatal dexamethasone (34 -36) . However, there was an increase in brush-border membrane vesicle NHE3 protein abundance in the offspring of the prenatal dexamethasone-treated rats (34, 36) . The disparity between the absence of an effect of prenatal programming on total cellular NHE3 and the increase in brush-border membrane NHE3 abundance suggests that prenatal insults affect trafficking of the NHE3 to the apical membrane of the proximal tubule. The studies examining transporter abundance are consistent with an increase in sodium transport in the thick ascending limb and distal convoluted tubule in rats that were small for gestational age, but the protein was obtained from a renal cortical homogenate and it does not guarantee that there is increased expression on the apical membrane or an increase in sodium transport in that nephron segment.
Sodium transport via ENaC in the distal convoluted tubule and collecting tubule is regulated by aldosterone. Glucocorticoids bind to the mineralocorticoid receptor with equal affinity to aldosterone but are prevented from having an effect because of 11␤-hydroxysteroid dehydrogenase type 2 in the distal nephron, which converts cortisol to cortisone in humans and corticosterone to inactive 11-dehydrocorticosterone in the rat. Renal mRNA expression of 11␤-hydroxysteroid dehydrogenase type 2 was lower in adult rat and sheep kidneys that had a prenatal insult than in controls (17, 144) . Thus, while whole kidney ENaC protein abundance may not be different in controls and rats with prenatal insults, there still may be increased surface ENaC expression leading to higher rates of sodium absorption. Whether there is an increase in ENaC activity in the offspring of animals that suffered a prenatal insult has yet to be determined directly.
There is direct evidence that prenatal programming increases renal tubular sodium transport. Offspring of rats that received prenatal dexamethasone had an increase in proximal convoluted tubule volume absorption, an index of net sodium absorption in this segment, and apical NHE3 activity compared with controls when the tubules were dissected free and studied using in vitro microperfusion (34) . As shown in Fig. 3 , medullary thick ascending limbs from adult rats that received prenatal dexamethasone or dietary protein deprivation had a higher rate of chloride absorption and thus sodium absorption than control rats. Administration of furosemide to the drinking water for 1 day had no effect on blood pressure of control rats but caused a reduction in blood pressure in rats that had hypertension as a result of maternal ingestion of a low-protein diet (Fig. 4) . Whether other nephron segments are affected or the regulation of sodium transport is different in other nephron segments will be of importance to understand the mechanism of hypertension in prenatal programming.
Renin-angiotensin system. All the components of the reninangiotensin system are present in the fetus where it plays a vital role in the development of several organs, including the kidney (49, 52, 136) . Pregnant women treated with an angiotensin converting enzyme inhibitor during the first trimester have Fig. 3 . Effect of prenatal dexamethasone and prenatal dietary protein deprivation on thick ascending limb chloride transport. Medullary thick ascending limb (MTAL) chloride transport (JCl) from adult rats whose mothers were exposed either to prenatal dexamethasone (0.2 mg/kg body wt daily on days 15-18 gestation) or a low-protein diet during the last half of pregnancy. Both prenatal dexamethasone and dietary protein deprivation programmed an increase in MTAL chloride transport in adult rats compared with control when studied using in vitro microperfusion. [From Dagan et al. (35) .] been shown to be at increased risk for having children with central nervous system and cardiovascular disorders (31) . Angiotensin converting enzyme inhibitors administered after the first trimester in humans resulted in severe renal damage leading to anuria and oligohydramnios (134) . The prognosis for these children is usually grim. Similarly, rats treated with angiotensin converting enzyme inhibitors or angiotensin receptor blockers during nephrogenesis develop renovascular abnormalities, papillary atrophy, and a secondary renal concentrating defect (52) . Rats administered losartan, an angiotensin II receptor blocker, during the perinatal days when nephrogenesis was still occurring, had a reduction in nephron number as well as a lower glomerular filtration rate, impaired renal concentrating ability, and increased blood pressure compared with controls (152) . Mice with selective deletion of genes in the renin-angiotensin system had similar abnormalities (52) . Thus the renin-angiotensin system plays a critical role in renal development, and disruption of the renin-angiotensin system leads to significant renal developmental abnormalities.
There is substantive evidence that the fetal renal reninangiotensin system is affected by adverse maternal events. In rats, maternal dietary protein deprivation resulted in offspring with a reduction in renal renin mRNA, renal AT 1 -receptor protein, and mRNA abundance and renal angiotensin II levels, but higher AT 2 -receptor mRNA levels (138, 150, 151) . There was also a reduction in renal renin and angiotensin II content in male pups whose mothers were fed an 8.5% protein diet (151) . This reduction in renal renin and angiotensin II content was not seen in females in this study, but the mothers were fed only a moderately reduced protein diet that is not as low as the 6% protein diet used in some studies (151) . Small-for-gestational-age rat pups that were the product of mothers that had uteroplacental insufficiency had lower intrarenal renin and angiotensinogen mRNA levels than controls (51) . There are other factors besides the renin-angiotensin system that are affected by prenatal insults that could set the stage for postnatal hypertension. Administration of dexamethasone in vivo and in vitro altered gene expression of key mediators of renal branching morphogenesis including an increase in glial-derived neurotrophic factor and a decrease in both bone morphogenic protein-4 and transforming growth factor (132) . In summary, prenatal insults likely result in renal injury by disturbing the renin-angiotensin system as well as other factors necessary for normal renal development.
Plasma levels of angiotensin II and aldosterone affect sodium homeostasis and blood pressure. Studies examining prenatal programming of the renin-angiotensin system have not yielded consistent results. Plasma renin activity was reduced in 4-and 8-wk-old rats whose mothers were fed a low-protein diet (87, 137) but increased at 4, 6, and 11 mo of age (86, 87) . Similar increases in plasma renin activity were noted with prenatal dexamethasone in rats studied at 6 mo, long after the onset of hypertension (95) . In summary, the elevated plasma renin noted in these studies were in older rats and did not correspond to the onset of the hypertension. Thus, the elevated plasma renin is likely the result of renal injury rather than the cause for the hypertension.
Other components of the renin-angiotensin system have also been examined in offspring of mothers that sustained a prenatal insult. Nine-week-old offspring of mothers fed a 6% protein diet had an increase in pulmonary angiotensin converting enzyme activity compared with controls, but this was not the case when the mothers were fed a 12% or a 9% protein diet (72, 75) . The offspring of rats fed a 9% protein diet had an increase in plasma angiotensin converting enzyme activity compared with controls (75) . However, maternal dietary protein deprivation had no effect on angiotensin II levels in the adult offspring (75, 138) . Plasma aldosterone levels were higher in rats whose mothers were fed a low-protein diet compared with controls at 4 and 8 wk of age but not at 16 wk of age (87, 137) . Thus, while there are changes in plasma angiotensin converting enzyme activity, none of the downstream mediators of the renin-angiotensin system are increased, so it is unlikely that the systemic renin-angiotensin system plays the primary role in generating or mediating the hypertension seen in neonates or adults that were small for gestational age. Fig. 4 . Effect of furosemide on blood pressure control and rats whose mothers were fed a low-protein diet. Blood pressure was measured in control male rats and male rats whose mothers were fed a low-protein diet during the last half of pregnancy. Furosemide was then added to the drinking water, and the blood pressure was measured the next day. There was no effect of furosemide on blood pressure in control rats, but blood pressure decreased in the prenatal low-protein group. Veh, vehicle. [From Dagan et al. (35) .]
In addition to the systemic renin-angiotensin system, there is an intrarenal renin-angiotensin system. The adult kidney has all the machinery to generate angiotensin II (69) and the intrarenal angiotensin II content was found to be higher than could be explained by circulating angiotensin II levels (22, 69, 92, 128) . The proximal tubule luminal fluid angiotensin II concentration was determined to be about 100-fold higher than that in blood (22, 128) . This renally produced angiotensin II has been shown to modulate transport in several nephron segments (30, 55, 70, 103, 105, 126, 142) . Secreted angiotensin II has been shown to increase proximal tubule sodium absorption in vivo and in vitro (14, 109) . In addition, the effect of the intrarenal renin-angiotensin system on proximal tubule transport was regulated by changes in the extracellular fluid volume and by renal nerves (14, 109 -113) . Luminal angiotensin II has been shown to increase sodium transport in the distal convoluted tubule as well (142) . Finally, the collecting duct can convert angiotensin I to angiotensin II where it increased sodium transport by increasing ENaC activity (70) . Thus the intrarenal renin-angiotensin system plays a significant role to modulate sodium transport in several nephron segments.
A number of studies have examined the effect of prenatal programming on the intrarenal renin-angiotensin system. Moderate maternal dietary protein deprivation (9% vs. 18% protein) had no effect on renal angiotensin converting enzyme activity in offspring at 4 wk and 20 wk of age compared with controls (93) . However, maternal administration of dexamethasone from day 13 of gestation to term, a severe prenatal insult, increased renal angiotensin converting enzyme mRNA and renal renin mRNA levels in adult offspring compared with control rats (157) . In 16-wk-old rats whose mothers had uteroplacental insufficiency, intrarenal angiotensin converting enzyme activity, renin, and angiotensinogen mRNA were higher than in control rats, but intrarenal angiotensin II levels were comparable to controls (51) . Similarly, there was no increase in renal angiotensin I and angiotensin II levels in 28-day prehypertensive rats whose mothers were fed a 6% protein diet (138) . Except for one study where the insult was the result of uteroplacental insufficiency, which used quantitative autoradiography, a method that is only reliable in detecting large changes (51), renal angiotensin II AT 1 receptor mRNA and/or protein abundance was greater in rats whose mothers were fed a low-protein diet compared with controls (122, 138) and in small-for-gestational age piglets compared with their larger littermates (121) . Despite the variability in results in prenatal programming of the intrarenal and systemic renin-angiotensin levels, which is likely the result of differences in the timing of the insult during gestation and the severity of the adverse event, several studies have demonstrated that treatment of rats that had a prenatal insult with an angiotensin converting enzyme inhibitor or angiotensin receptor blocker resulted in a reduction in blood pressure without a change in blood pressure in the control rats (28, 51, 75, 87, 129, 130) . In summary, it is likely that the renin-angiotensin system plays a role in generating and mediating the hypertension in some animal models, but the lack of a consistent increase in the systemic or intrarenal angiotensin II levels indicate that it is not the predominant factor in mediating the hypertension caused by prenatal insults. As discussed above, there is augmentation of renal tubular sodium transport in several nephron segments consistent with an increase in extracellular fluid volume. Under these conditions, one would expect that the renin-angiotensin system would be downregulated. The fact that the systemic and intrarenal angiotensin II and aldosterone levels are normal and not suppressed is consistent with dysregulation of the renin-angiotensin system by prenatal programming.
Sympathetic nervous system. The hypertension secondary to prenatal insults is exacerbated by stress. Prenatal dexamethasone induces hypertension in rats when measured by tail cuff (16, 27, 36, 95, 100, 101, 153) . However, when blood pressure was measured by telemetry, the offspring of mothers that received prenatal dexamethasone actually had a lower blood pressure than controls (96) . Prenatal dexamethasone-treated offspring monitored by telemetry had an augmented response to stress with a greater increase in blood pressure with restraint or intraperitoneal amphetamine administration (96) . Similarly rats, whose mothers were fed a low-protein diet for 5 wk before and throughout pregnancy, had only a small increase in diastolic, but not in systolic, blood pressure and only during their awake cycle when blood pressure was measured by telemetry (135) . However, the low-protein group had an augmented blood pressure response to stress (nasal ammonia) (135) . Adult rats that were the product of mothers with uteroplacental insufficiency had elevated blood pressure when monitored by telemetry (97, 98, 125) , and had higher systolic blood pressure in response to noxious nasal stimuli (125) . Thus, blood pressure measured by telemetry has increased our understanding of prenatal programming of hypertension. Only severe prenatal insults from uteroplacental insufficiency result in hypertension in offspring when blood pressure is measured by telemetry in nonstressed animals. Offspring of mothers with prenatal dietary protein deprivation and prenatal dexamethasone have elevated blood pressure when measured even under the mild stress of a tail cuff, but have no significant increase when left undisturbed.
In human studies, adults that were small for gestational age had a higher resting pulse rate, a crude measure of sympathetic activity, than normal birth weight controls (106) . Using more direct measures of sympathic nerve activity, such as the response of cardiac function to stress and peroneal nerve activity, there was an increase in sympathetic nerve activity in adults born small for gestational age compared with those of average birth weight (20, 63) . However, resting peroneal nerve activity was lower in another study in subjects who were small for gestational age, but the small difference disappeared with breath holding and a cold pressor test (143) . Nonetheless, in the latter study, the magnitude of the change in nerve activity was greater with an imposed stress, such as apnea or a cold pressor test, in subjects that were small for gestational age (143) . Taken together the preponderance of data from human and animal studies demonstrate that the elevated blood pressure with prenatal programming is either due to or augmented by a stressful change in environment due to increased sympathetic nerve activity.
Renal nerves. Recent studies have examined the role of renal nerves in the generation and maintenance of hypertension (2, 36, 99) . The role of the renal sympathetic nervous system was first examined in rats whose mothers had uterine vessel ligation to produce uteroplacental insufficiency (2, 99) . The hypertension induced by uteroplacental insufficiency was abrogated to control values with renal denervation (2, 99) . Renal denervation did not affect blood pressure of control animals. Similarly, while renal denervation did not affect the blood pressure of control male rats, renal denervation normalized the blood pressure of male rats that had prenatal programming of hypertension due to maternal administration of dexamethasone (Fig. 5 ). In addition, as shown in Fig. 6 , renal denervation decreased the protein abundance of NHE3, NKCl2, and NCC to levels seen in sham control rats (36) . Control rats had no change in the NHE3, NKCC2, and NCC protein abundance with renal denervation. The epithelial sodium channel protein abundance was not affected by prenatal programming and was not affected by renal denervation in controls or in the prenatal dexamethasone group (36) .
It is yet to be determined how renal sympathetic nerves regulate the expression of transporters. The effect of renal nerve activity could be a direct effect on sodium transport as renal nerves increase proximal tubule and thick ascending limb sodium reabsorption (4, 13, 15, 29, 107, 114, 148) . It is also possible that the effect of renal nerves on sodium transport was indirect. Studies have demonstrated an interdependence between the renin-angiotensin system and renal nerves (37) (38) (39) . The stimulatory effect of renal nerves on renal sodium reabsorption requires circulating angiotensin II (54, 64, 65) . For example, the increase in renal sodium absorption accompanying renal nerve stimulation occurred only in the presence of circulating angiotensin II and was blunted by administration of captopril (64) . Furthermore, circulating angiotensin II facilitated adrenergic transmission at the renal nerve-renal epithelial cell junction (54, 64, 65) . We previously showed that the intrarenal renin-angiotensin system regulates proximal tubular transport (14, 109, 111, 112) . The augmentation of proximal tubule sodium transport by the intrarenal renin-angiotensin system was dependent upon and regulated by renal nerves (113, 114) . Thus, while renal nerves clearly play a role in causing an increase in blood pressure in the offspring of rats that had a maternal insult, the mechanism whereby they mediate this effect is not as yet clearly established.
Chronic Kidney Disease
Animal studies have demonstrated that prenatal insults are a risk factor for chronic kidney disease. Eight-week-old male, but not female rats, that were the offspring of mothers fed a low-protein diet (6% protein) had an elevated urinary protein/ creatinine ratio, the harbinger of glomerular injury (86) . Proteinuria has also been observed in 5-mo-old rats exposed to mild dietary protein deprivation in utero (9% protein) (93) . A 50% maternal food restriction throughout pregnancy in rats Fig. 5 . Effect of renal denervation on blood pressure in rats exposed to prenatal dexamethasone. Rats whose mothers were treated with prenatal dexamethasone (0.2 mg/kg body wt) daily on days 15-18 of gestation or vehicle underwent either a sham operation or renal denervation at 6 wk of age and blood pressure was measured at 8 wk. Prenatal dexamethasone caused an increase in blood pressure that was prevented by renal denervation. [From Dagan et al. (36) .] Fig. 6 . Effect of renal denervation on Na ϩ /H ϩ exchanger (NHE3), bumetanide-sensitive cotransporter (NKCC2), and thiazide-sensitive cotransporter (NCC) protein abundance in rats exposed to prenatal dexamethasone. Adult rats whose mothers were treated with prenatal dexamethasone (0.2 mg/kg body wt daily) on days 15-18 of gestation or vehicle underwent either a sham operation or renal denervation at 6 wk of age. Renal NHE3, NKCC2, and NCC protein abundance were determined by immunoblot. Prenatal dexamethasone increased the abundance of each of these transporters in adult rats, and the abundance decreased to control levels with denervation. There was no effect of prenatal dexamethasone or denervation on epithelial sodium channel protein abundance (not shown). [From Dagan et al. (36) .] resulted in offspring that had almost a 50% reduction in glomerular filtration rate when studied at 3 and 18 mo of age (82) . These rats had progressive and marked histologic changes comparable to adult humans with severe chronic kidney disease, including glomerular sclerosis and tubular interstitial lesions (82, 116) . Similarly, prenatal administration of dexamethasone on days 15 and 16 of gestation resulted in offspring with renal interstitial fibrosis, tubular atrophy, and glomerular sclerosis at 8 mo of age that was not apparent at 2 mo of age (100, 101) . Thus, prenatal insults in rats result in offspring that develop progressive renal injury over time.
There is increasing evidence that humans born small for gestational age are at risk for developing chronic kidney disease. Indeed, small-for-gestational-age infants have many risk factors for kidney disease including a reduction in nephron number, diabetes, hypertension, and dyslipidemia (6, 7, 26, 32, 33, 44, 45, 48, 56, 57, 78, 81, 88, 89, 102, 115, 117, 118, 133, 158) . Small-for-gestational-age infants have been shown to be born with fewer nephrons making a second insult potentially more likely to cause progressive renal injury (56, 61, 84, 108) . In Aborigines, a population at high risk for chronic kidney disease, a birth weight of Ͻ 2.5 kg increased the risk of albuminuria almost threefold compared with those of higher birth weights (60) . Similarly, 19-yr-old subjects from the Netherlands born small for gestational age had a higher prevalence of albuminuria than those born appropriate for gestational age (67) . In addition, the estimated glomerular filtration rate was slightly, but significantly, lower in the group that was born small for gestational age (67) . A similar finding of low normal glomerular filtration rates was found in a large study of Norwegian young adults who were small for gestational age, with a greater effect in men (53) . A recent study examined renal biopsies of patients with a birth weight Ͻ 1,500 g. The renal biopsies of all six adolescent and adult patients evaluated for proteinuria showed focal and segmental glomerulosclerosis without any other predisposing factor for this lesion except low birth weight (59). It was not clear how many of these patients were small for gestational age or just premature. One must be mindful that a neonate born Ͻ 1,500 g is likely to have had a prolonged stay in the neonatal intensive care unit and be exposed to nephrotoxic drugs during the period of nephrogenesis. Whether it is prematurity or small for gestational age or both, neonates born Ͻ 2.5 kg have been shown to be at ϳ1.5 greater risk of developing end stage renal disease than are children born at a normal weight of 3-3.5 kg (46, 71, 141) . Thus, a history of prematurity or low birth weight should be considered when investigating potential factors leading to chronic kidney disease.
Effect of the Postnatal Environment on Glomerular Number and Blood Pressure
The rodent kidney is not fully developed at birth, and there are changes in glomerular filtration rate and tubular function that continue until at least the time of weaning (12) . Nephrogenesis continues in humans until 34-to 36-wk gestation. Thus premature human neonates born before 34-to 36-wk gestation still have new nephrons forming after birth. The postnatal environment can have a negative impact on renal development and program changes in blood pressure. Recent evidence shows that postnatal nutrition and drugs can modulate prenatal programming of hypertension as well as the number of glomeruli. As an example of how the postnatal environment can have an adverse effect on the kidney, a reduction in food intake was induced by increasing the number of rat pups to 20 by fostering additional pups to a mother (124) . These fooddeprived neonates had postnatal growth retardation compared with control offspring of mothers that reared 10 pups. The food-restricted rats had a 25% reduction in nephron number and a concomitant increase in glomerular volume compared with rats that were reared in a normal litter size of ϳ10 pups. Another example of postnatal programming was recently demonstrated in rats exposed to 80% oxygen from postnatal days 3-10. The oxygen-exposed rats developed vascular dysfunction, elevated blood pressure, and had 25% fewer nephrons compared with control rats when studied as adults (160) . These findings have relevance to premature human neonates cared for in a neonatal intensive care unit where, even under the best of circumstances, neonates are not in a comparable environment as when they were in their mother's womb.
In most studies performed to date, the offspring suffering a prenatal insult were reared by their mother who was placed on a normal diet with the assumption that the insult has been removed after birth. However, prenatal insults to the mother have been shown to affect postnatal rearing and the composition of the mother's milk (94) . Even the number of pups reared by the mother can affect composition of the mother's milk (94) . To examine the importance of postnatal variables, Wlodek et al. (146) performed an elegant study where all the offspring were cross fostered. Normal neonates that were reared by mothers that had uterine vessel ligation on day 18 of gestation developed hypertension as adults. These rats, unlike the offspring of mothers with uteroplacental insufficiency and raised by mothers that had uteroplacental insufficiency, did not have a reduction in nephron number. Of significance, neonates that were the product of mothers who had uterine vessel ligation on day 18 and were raised by mothers that had a sham operation, did not develop hypertension or a reduction in nephron number as adults (146) . Thus, some studies where the insult was assumed to be prenatal may actually be exacerbated by the postnatal environment.
Perinatal caloric excess can be deleterious as well. The offspring of a rat litter reduced to three pups on day 3 of life was compared with the offspring of mothers that bore and raised 10 pups (21) . The rats that were fed excess milk gained more weight and both males and females had significantly more glomeruli than the control offspring. Nonetheless, male offspring that were overfed had higher blood pressure at 2 mo of age, proteinuria at 12 mo of age, and glomerulosclerosis at 22 mo of age. These changes were not seen in overfed females or control rats. Thus the early postnatal environment may be as important as the prenatal environment in programming hypertension and renal injury.
Prenatal programming may also be modified outside of the perinatal period. The effect of enalapril and a low-salt diet were examined in rats that were the products of mothers that were fed a low-protein diet. These rats developed hypertension as adults that was exacerbated by a high-salt diet (87) . Administration of either a low-salt diet or enalapril to offspring of mothers fed a low-protein diet at the time of weaning for 3 wk prevented the development of hypertension. What was remarkable was the fact that the blood pressure remained at control levels even though the low-salt diet and enalapril were discontinued weeks before the final measurement (87) . A similar persistent effect of early treatment followed by discontinuation of medication had been shown for losartan but not with the calcium channel blocker nifedipine (130) . Thus, there are critical times during postnatal development where one could potentially intercede and prevent hypertension. Whether this is true in humans has not been determined.
The metabolic abnormalities seen with prenatal programming can also be modulated by the postnatal environment. Offspring of rats that were severely undernourished during pregnancy had hyperleptinemia, hyperinsulinemia, and hyperphagia, which was exacerbated by a high-fat diet (139, 140) . The offspring of undernourished rats had decreased activity and excessive weight gain compared with controls. Treatment of neonates with leptin from days 3-13 of life had no significant effect on control rats, but normalized the activity levels, caloric intake, and body fat as well as the plasma insulin, glucose, and leptin levels in the offspring of underfed mothers (140) . These findings are of clinical significance in view of the fact that there is a predisposition to develop a high body mass index in humans who were small for gestational age (11, 18) .
Clinical Perspective
Epidemiological studies have found that prenatal adverse events predispose adult humans to develop hypertension and renal injury. Animal studies have validated these findings showing an association of prenatal insults and adult diseases and have provided important clues to the pathogenesis of these disorders. There are still many challenges to be met in view of these clinical and laboratory observations.
It is now clear that postnatal nutrition in rodents is critical. Either a deficiency or surplus of food in rats can cause renal injury similar to that seen with prenatal programming (21, 124) . These findings may be applicable to premature human neonates born at an appropriate weight for gestational age before 34 -36 wk when nephrogenesis is still occurring. These infants have an extended stay in the neonatal intensive care unit and are likely to have periods of suboptimal nutrition, hypoxia, hyperoxia, acidosis, infection, etc. that may place them at risk for the same adult diseases seen in neonates with prenatal adverse events leading to a low birth weight.
Finally, recent studies in rodents have shown that prenatal programming of hypertension and renal injury is not set in stone and can be modulated by the postnatal environment. The fact that optimal postnatal nutrition can potentially ameliorate or prevent programming of hypertension and renal injury in rats is of potential clinical importance (146) . A recent study demonstrated that postnatal dietary supplementation with longchain -3 fatty acids prevented the increase in blood pressure in adult rats whose mothers received dexamethasone during the last half of pregnancy (156) . It must be recognized that postnatal overfeeding does not make up for prenatal malnutrition and can be deleterious. Administration of a hypercaloric diet after weaning to prenatally undernourished rats resulted in greater weight gain, higher plasma insulin levels, and higher blood pressure than prenatally undernourished rats fed a normal rat diet (139) . The recent epidemiologic findings showing that low birth weight and an increase in body mass index after 2 years of age was a risk factor for hypertension, cardiovascular disease, and impaired glucose tolerance or diabetes in adulthood begs the question as to whether prevention of the rapid weight gain in early childhood would have altered the prognosis of these children (11, 18, 43) . Clearly, much has yet to be learned about the factors that could potentially ameliorate the clinical consequences of prenatal insults.
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